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Introduction
Micro electro mechanical systems (MEMS) have enabled devices that combine mechanical and electrical functions on the same substrate through the surface or bulk micromachining to fabricate micro structures. Such microstructures can be used for wide varieties of applications ranging from automotive, biomedical, industrial sensors, to telecommunication such as radio frequency and optical communications. In the case of telecommunication applications, RF MEMS switches are the most important component of any electronic devices which can be employed in radio frequency (RF) from DC up to a few hundred GHz applications [1, 2] , they can be used for cell phones, short range communication including WLAN and Bluetooth [3, 4] , automotive industry [5, 6] , biomedical applications [7] [8] [9] , and radar applications [10, 11] .
The performance of MEMS switches are better than those of other standard switches such as FET, and PIN diodes [12] [13] [14] [15] . This is due to their good linearity, low noise, low power consumption, high electrical isolation, and ultra wide frequency band [16] .
MEMS switches can be categorized in different ways such as their actuations (electrostatic, electromagnetic, electrothermal and piezoelectric actuation) [17] [18] [19] [20] , electrical configurations (series or shunt), mechanical structures (cantilever or fixed-fixed) beam and even by their materials (metallic and carbon allotropes) [21] [22] . Such switches from a contact perspective are classified in DC and capacitive contacts. DC contacts are mostly used for DC up to a few GHz applications. The main disadvantage of DC contact switches is their stiction between metal and metal which increases the ohmic resistance hence losses. This issue can be solved by using a thin layer of dielectric between the metallic contact layers and makes a capacitive contact. However, charge injection due to a very high electric field at down state is the major problem of this type of MEMS switches. In our previous publication, we reduced charge injection by using ramp dual pulse [23] .
The most important issue of the electrostatic MEMS switches is their high actuation voltage owing to a large capacitance ratio which provides small and large capacitors in up and down state positions, respectively. Over the past decade, several research groups have demonstrated modular approaches to reduce the actuation voltage of electrostatic RF MEMS switches. In our previous publication, we improved the RF parameters of MEMS switches by using a Pi match circuit at up state for K up to V band [24] . Another important parameter of the MEMS switch is their isolation at down state which depends on the LC resonance behaviour of switch. Reducing the resonant frequency increases the isolation and this can be done by enlarging the capacitance. However, this increases the switching time, surface roughness and lift-off of the bridge in the fabrication process. Decreasing the resonant frequency also can be achieved by increasing the inductance of the bridge by modifying the geometry of the MEMS bridge.
The aim of this research is to design and simulate electro-static low actuation voltage (less than 15V) and also a very high isolation multipurpose switch with a very large bandwidth to cover the hyperlan mobile frequency till RF receivers of satellite communication. This paper consists of two sections. First, we show that how we can improve the isolation of MEMS switches for C-X band by modifying the geometry of the beam. Next, the frequency band of this switch can be increased by using two additional high impedance transmission lines at both ends of the signal line. We also propose a convenient electrical model for further analysis of the whole circuit. The validity of the electrical model is verified by simulation and analytical calculation.
MEMS Switch

Structure
The standard RF MEMS shunt capacitive switches consist of a CPW transmission line and a bridge. The MEMS switch has two states: on or off. The RF MEMS shunt is on, when there is no actuation voltage across the beam and signal propagates from the input to the output. While the switch is actuated, the bridge collapses down and disconnects the input and the output by reflecting the signal due to short circuit.
CPW Transmission Line
The coplanar waveguide (CPW) consists of one signal line in the middle and two infinite grounds beside the transmission line. The effective substrate constant impedance of transmission line is given by Equations (1, 2) [25] .
Where ε eff is the relative constant substrate, t and h are the conductor thickness and the height of the substrate respectively. k and k' can be calculated from Fig. 1 .a. The relation between characteristic impedance, wave number and substrate constant is shown in Fig. 1.b [25] .
The approximate equivalent electrical model of CPW is shown in Fig. 1 .c, where L TL and C TL are the intrinsic inductance and capacitance of transmission line and can be calculated by Equation (3 and 4) . R TL is due to the loss and attenuation of transmission line. The loss of CPW depends on the resistivity of material which is used for transmission line, skin depth and substrate.
Electrical Model of MEMS Switch
The electrical model of the MEMS switch is shown in Fig. 1.d . It consists of a 50 Ω CPW. At up state, the switch is modelled as a single capacitor between transmission line and bridge because the operation frequency is much lower than the cut-off frequency (THz). At down state, the switch needs to be modelled by C down , L and R s . C down depends on the overlap between the membrane, signal line and thickness of the dielectric, L depends on the overlap between the membrane and gap between ground and signal line. R s depends on transmission line and bridge resistivity
3.
Design and Simulation
Design Procedure of RF MEMS Switch
The design procedure of the RF MEMS switches consists of three steps. The first step is to design the 50Ω CPW. According to Fig. 1 .b, for high resistivity silicon with ε=11.6, W and G are 120µm and 80µm respectively. The second step is to calculate the effective area between the transmission line and the bridge. The value of S 11 equal or less than -10dB for the entire frequency band provides acceptable matching between the input and output of the switch in the up-state position (Equation (6)). The dimension of the MEMS switch for the C-V band MEMS switch is given in TABLE I and can be calculated by using Equations (6-8). 
The amount of capacitance at the up state (Cup) for the frequencies less than 15GHz should be less than 130fF at 15GHz.
MEMS Switch Structure
This work compares three different types of RF MEMS shunt capacitive switches to examine the effect of meander and transmission lines. It is assumed that in this design all MEMS switches have the same dimension which provides the same effective area and gap. Fig. 3 .a shows the simulation result of the MEMS shunt switch according to the physical structure ( Fig. 2.a) which is done by the electromagnetic 3 dimension simulator (EM3DS). It can be seen that the MEMS switch provides a good isolation and insertion loss at the up and down state (S 11 and S 21 ≤ -10dB) for 7-15GHz. The switch can be modelled by the lumped electrical model ( Fig. 1.d) where C up , C down and L at 15GHz are 0.125pF, 2.5pF, and 2.7pH respectively and R is 0.2Ω. C ratio for this switch is 21.4. The parameters of the transmission line can be ignored for this switch. The simulation result by Gensis shows a perfect agreement between the physical structure and the lumped model in both up and down state positions.
Type 1: Standard Dual Beam Fixed-fixed
Type 2: Meander Supporting Beam
The scattering parameters of type 2 ( Fig. 2.b) shows that the S 11 and S 21 are less than -10dB between 5-15 GHz at both the up and down state positions (Fig. 3.b) . Furthermore, the LC resonant of this switch at down state is shifted to 7GHz and provides a perfect isolation (S 21 < -20dB). The values of the electrical model of MEMS switch at the up and down state are the same as type 1 except for the inductance of the MEMS switch which is 115pH. Increasing the bridge inductance will reduce the resonant frequency and therefore reduce the lower frequency or improve the isolation of the MEMS switch. The capacitance ratio is reduced from 30 to 21.4.
Type 3: Meander Supporting Beam and Two Short High Impedance Transmission Line at Input and Output of CPW Transmission Line
The scattering parameters of type 3 ( Fig. 2.c) are desirable for the C to K band (Fig. 3.c) . At the up state, the S 11 is less than -10dB for the frequency up to 20GHz. Furthermore, there is an excellent matching at 15GHz for S 11 less than -45dB. Also, at the down state the T match circuit increases the isolation of MEMS switch and increases the frequency band. The values of the electrical model of the MEMS switch at up and down state are the same as type 2 except for the inductance of transmission line which is 0.23nH. The capacitance ratio is reduced from 50 to 21.4. 
Conclusion
Although the RF performance of any RF MEMS shunt capacitive switch can be improved by increasing the ratio of its capacitance (C ratio = C Down /C up ), this will increase the actuation voltage. This paper shows how to improve the RF performance without increasing the capacitance ratio. The first method for reducing the capacitance ratio of MEMS switches for the C-X frequency band is to reduce the LC resonance from the mm-wave into the X-band by using the inductive bridge. The inductance of the MEMS switch is increased by using a proper meander supporting bridge between the signal line and the ground from 3 to 90pH.
In this way, the capacitance ratio is decreased from 3 to 2.14. Moreover, more isolation can be achieved by using two short high impedance transmission lines at both ends of the CPW line. At the down state, they make a T inductance circuit and increase the isolation of switch. Also at the up state they create a matching circuit at the entire frequency band which cancels the capacitive behaviour of the switch and increases the band width. This switch can be used for the C-K band and reduces the capacitance ratio from 50 to 21.4.
